Mesophyll diffusion conductance to CO 2 (g m ) is an important leaf characteristic determining the drawdown of CO 2 from substomatal cavities (C i ) to chloroplasts (C C ). Finite g m results in modifications in the shape of the net assimilation (A) versus C i response curves, with the final outcome of reduced maximal carboxylase activity of Rubisco (V cmax ), and a greater ratio of the capacity for photosynthetic electron transport to V cmax (J max /V cmax ) and alterations in mitochondrial respiration rate (R d ) when estimated from A/C i responses without considering g m . The influence of different Farquhar et al. model parameterizations on daily photosynthesis under non-stressed (C i kept constant throughout the day) and stressed conditions (mid-day reduction in C i ) was compared. The model was parameterized on the basis of A/C C curves and A/C i curves using both the conventional fitting procedure (V cmax and R d fitted separately to the linear part of the response curve and J max to the saturating part) and a procedure that fitted all parameters simultaneously. The analyses demonstrated that A/C i parameterizations overestimated daily assimilation by 6-8% for high g m values, while they underestimated if by up to 70% for low g m values. Qualitative differences between the A/C i and A/C C parameterizations were observed under stressed conditions, when underestimated V cmax and overestimated R d of A/C i parameterizations resulted in excessive mid-day depression of photosynthesis. Comparison with measured diurnal assimilation rates in the Mediterranean sclerophyll species Quercus ilex under drought further supported this bias of A/C i parameterizations. While A/C i parameterization predicted negative carbon balance at mid-day, actual measurements and simulations with the A/C C approach yielded positive carbon gain under these conditions. In addition, overall variation captured by the best A/C i parameterization was poor compared with the A/C C approach. This analysis strongly suggests that for correct parameterization of daily time-courses of photosynthesis under realistic field conditions, g m must be included in photosynthesis models.
Introduction
The widely used steady-state model of C 3 photosynthesis of Farquhar and co-workers (Farquhar et al., 1980) is based on the CO 2 concentration in chloroplasts (C C ) to predict the potential rates of carboxylation of ribulose-1,5-bisphosphate (RuBP) driven by Rubisco and the rate of photosynthetic electron transport. The model of Farquhar et al. (1980) has proved incredibly popular because it can be parameterized with gas-exchange data alone, and thus provides a simple and easy analysis of the in vivo biochemical limitations of photosynthesis (von Caemmerer, 2000) . In addition to providing information on biochemical limitations of leaf-level photosynthesis, the equations, logic, and parameters of the model of Farquhar et al. (1980) are used to drive canopy-, landscape-, and biome-scale models of carbon exchange (Harley and Tenhunen, 1991; Harley and Baldocchi, 1995; Churkina and Running, 1998; Rambal et al., 2003) .
The beauty of the model of Farquhar et al. (1980) is a combination of its predictive power, in particular prediction of plant responses to CO 2 that is useful to simulate photosynthesis under globally changing environmental conditions, and ease of parameterization. However, both the model predictability and the simplicity of parameterization critically depend on identification and estimation of substrate concentration. In the case of photosynthesis, the correct substrate concentration is the CO 2 concentration at the site of carboxylation, in the chloroplasts (C C ). As the diffusion conductance between substomatal cavities (C i ) and chloroplasts (g m ) has traditionally been suggested to be large (g m /N) (Bjö rkman, 1973; Laisk, 1977 ; but see Nobel, 1977) , the model of Farquhar et al. is most often parameterized using the CO 2 concentrations in substomatal cavities (C i ), i.e. assuming that C i ¼C C . By now, we have known for several decades that the concentration of CO 2 in the chloroplasts is significantly lower than that in the substomatal cavities because of finite g m (Bongi and Loreto, 1989; von Caemmerer and Evans, 1991) . Although the use of C i as a surrogate for the correct substrate concentration, C C , is logically flawed, the majority of current model exercises are still based on C i because it is quickly and easily estimated by conventional gas-exchange techniques.
The key question is whether the substitution of C C by C i affects the utility of the model of Farquhar et al. (1980) . Although it is currently widely accepted that the CO 2 concentration in the chloroplasts is significantly lower than in the substomatal cavities, there is still no consensus in the way photosynthesis models should be parameterized; in particular, whether the derivation of key model parameters, V cmax and J max , from either A/C i or A/C C response curves has any influence over modelling photosynthesis under field conditions. Several studies have already highlighted that finite g m affects the numerical values of V cmax and J max (Ethier and Livingston, 2004; Manter and Kerrigan, 2004; Flexas et al., 2008; Warren, 2008b) . These studies have also shown that while g m may scale with the biochemical capacity for photosynthesis, there is a large variation among species in the CO 2 drawdown due to g m , C i -C C , implying that the degree of mesophyll diffusion limitations does vary significantly (Ethier and Livingston, 2004; Niinemets and Sack, 2006; Warren and Adams, 2006; Niinemets et al., 2009a, b) . Recent studies have further shown that g m and its relationship with stomatal conductance (g s ) and photosynthetic capacity are highly variable within species and are affected by a variety of environmental variables (Flexas et al., 2007; Warren, 2008b) . This responsiveness of g m to environmental conditions precludes any simple or 'universal' correction factor from being applied for converting from C i -based to C C -based model parameters.
Although modifications in g m in response to environmental stresses, in particular to drought, greatly alter photosynthe-sis, such changes are not considered in current larger scale simulation analyses (Rambal et al., 2003) . In consequence, models based on infinite g m may underestimate droughtinduced reductions in photosynthesis.
In this analysis, earlier studies are built on by first highlighting the key effects of finite g m on derivation of the model parameters of Farquhar et al. (1980) , in particular asking whether the use of C i versus C C and whether fitting of V cmax and J max separately from different A/C i curve parts versus simultaneously from the entire A/C i curve affects the parameter estimates. Traditionally, V cmax is estimated from the linear portion of an A/C i response and J max from the saturating part, but Ethier and Livingston (2004) have shown that this fitting can lead to severe underestimation of Rubisco activity such that the entire A/C i response curve can be apparently limited by Rubisco activity. However, it is possible to estimate V cmax and J max simultaneously from the same A/C i response, and it was hypothesized that this will reduce errors. Using these parameterizations, the sensitivity of daily photosynthesis to different parameterizations based on C i and C C is analysed. So far, the overall effect of g m on parameterization of the model of Farquhar et al. (1980) has not been assessed under realistic field conditions, and there is still no consensus on the way photosynthesis models should be parameterized. The present analysis demonstrates that derivation of key model parameters, V cmax and J max , from A/C i response curves, independently of fitting the A/C i responses, can result both in biased estimates of carbon gain, and in fundamentally flawed conclusions with respect to photosynthetic limitations in the field.
Materials and methods

Simulation of net assimilation (A) versus CO 2 response curves
According to the steady-state photosynthesis model of Farquhar et al. (1980) , the foliage net assimilation rate (A) at any given chloroplastic CO 2 concentration (C C ) is limited either by Rubisco or by photosynthetic electron transport (RuBP regeneration). For Rubisco-limited photosynthesis:
where V cmax is the maximal carboxylase activity of Rubisco, R d is the mitochondrial respiration rate, C* is the hypothetical CO 2 compensation point of photosynthesis in the absence of R d , and K m is the effective Michaelis-Menten constant. K m is expressed as K C (1+O/K O ), where K C is the Michaelis-Menten constant for CO 2 and K O that for oxygen, and O is the oxygen concentration. For electron transport-limited photosynthesis:
where J is the rate of photosynthetic electron transport. J depends on the capacity for photosynthetic electron transport (J max ) and photosynthetic quantum flux density (Q) according to a non-rectangular hyperbola:
where a is the initial quantum yield and h is the curvature of the light response. C C and the CO 2 concentration in substomatal cavities (C i ) are related as:
where g m is the mesophyll diffusion conductance from substomatal cavities to chloroplasts. Combining Eqs 1, 2, and 4, A in dependence on C i can be calculated as (Ethier and Livingston, 2004; Niinemets et al., 2004) :
where
for Rubisco-limited photosynthesis, and
for electron transport-limited photosynthesis. Using Eqs 5-7, A versus C i response curves were simulated for given values of V cmax , J max , R d , and g m at saturating light of 1500 lmol m À2 s À1 , leaf temperature of 25°C, and 21% oxygen. K C , K O , and C* values were those from Bernacchi et al. (2001) . Although different values of biochemical constants are found in the literature (see Bernacchi et al., 2001 for comparison of various Rubisco constants), the main results of the present analyses were independent of the specific Rubisco constants used (simulations with varying biochemical constants not shown). An initial quantum yield of 0.24 mol mol À1 [assuming four electrons per CO 2 , leaf absorptance of 0.85, and inherent quantum yield of photosynthesis of 0.073 mol CO 2 mol À1 quanta (Ehleringer and Björkman, 1977) ] and a curvature of 0.85 (Evans et al., 1993) were used.
The A-C i curves derived in this way, were further re-fitted by the model of Farquhar et al. (1980) (Equations 1 and 2), replacing C C by C i , i.e. using the standard approach of the modelling community that neglects g m . Two fitting procedures were used. According to the first (conventional) technique, V cmax and J max were fitted separately using the initial, essentially linear part of the A/C i response curve to derive the values of V cmax and R d , while the saturating part of the curve was used to determine J max . According to the second fitting procedure, V cmax , J max , and R d were fitted simultaneously using all data of an A/C i response curve. Least square fitting procedures were used in all cases using the MS Excel 2002 Solver feature that employs a generalized reduced gradient algorithm for optimization of non-linear problems (Lasdon et al., 1978) .
These simulations were conducted with three representative values of g m . A value of 0.15 mol m À2 s À1 corresponds to relatively high diffusion conductance observed in species with mesophytic leaves (see Niinemets et al., 2009a for a review of species' g m values). For the values of the model parameters of Farquhar et al. (1980) used (V cmax ¼50 lmol m À2 s À1 , J max ¼100 lmol m À2 s À1 , and R d ¼0.75 lmol m À2 s À1 at 25°C), this value of g m results in CO 2 drawdown from substomatal cavities to chloroplasts (C i -C C ¼A/g m ) of 70 lmol mol À1 (at a C i of 250 lmol mol À1 that is characteristic of non-stressed plants under current ambient CO 2 and at light saturation). A value of g m ¼0.07 mol m À2 s À1 corresponds to moderately low diffusion conductance (C i -C C ¼111 lmol mol À1 ), and a value of g m ¼0.03 mol m À2 s À1 (C i -C C ¼151 lmol mol À1 ) corresponds to the relatively low diffusion conductances observed in evergreen sclerophylls (see Niinemets et al., 2009a for a review of species' g m values).
Simulation of daily time courses of photosynthesis
Diurnal variations in net assimilation rates for different parameterizations of the model of Farquhar et al. (1980) were simulated using standard time-courses of light and temperature ( Fig. 4c inset) for non-stressed (C i was fixed at 270 lmol mol À1 ) and for drought-stressed leaves. For the latter simulation, C i was varied according to a bell-shaped sine function with minimum at mid-day ( Fig. 4f inset) . The Rubisco kinetic characteristics C*, K C , and K O depend exponentially on temperature. In the current simulation analyses, the temperature dependencies of Bernacchi et al. (2001) were used. For R d , V cmax , and J max , the shapes of the temperature response curves as parameterized in Niinemets and Tenhunen (1997) were used. g m also depends on temperature (Bernacchi et al., 2002; Warren and Dreyer, 2006) . As g m increases monotonically with temperature to ;35-40°C (Bernacchi et al., 2002; Warren, 2008a) , the temperature-dependent increase in g m was simulated by an exponential relationship with a Q 10 value of 2.0. As various estimates of Q 10 for g m have been reported with values ranging from as low as 1.1-1.5 to as high as 3-4 (see Warren and Dreyer, 2006 for comparison of various estimates), and the temperature dependence of g m is not routinely included in the models, a simulation with constant g m throughout the day was also conducted to evaluate the importance of including the g m temperature dependence in photosynthesis simulations.
To compare the simulations using the A/C i and A/C C approach in the field, the measurements in the Mediterranean evergreen sclerophyllous species Quercus ilex (Bertin et al., 1997; Seufert et al., 1997; Niinemets et al., 2002a) , conducted in August 1994 in Castelporziano, Rome, Italy (41°45# N, 12°26# E), were used. To parameterize these field data, the model of Farquhar et al. (1980) (Equations 1 and 2) was applied to the data either taking C C equal to C i (A/C i approach) or using the model with g m (A/C C approach, Eqs 5-7). The shapes of temperature response functions were those from Niinemets and Tenhunen (1997) for V cmax and from Niinemets et al. (2002b) for J max and R d . In these simulations, C i values were obtained from the measurements. For both simulation approaches, values of Fig. 1 . Simulated (a) and measured (b) responses of the net assimilation rate (A) to CO 2 concentration in substomatal cavities (C i ) for differing values of mesophyll diffusion conductance (g m , mol m À2 s À1 ). The curves with g m ¼N correspond to A versus chloroplastic CO 2 concentration (C C ). The measurements were conducted in Mediterranean evergreen sclerophyll Olea europaea at a saturating quantum flux density of 1500 lmol m À2 s À1 , and leaf temperature of 25°C , while the simulation was conducted using the photosynthesis model of Farquhar et al. (1980) with the maximal carboxylase activity of Rubisco (V cmax ) of 100 lmol m À2 s À1 , capacity for photosynthetic electron transport (J max )of 200 lmol m À2 s À1 , and the mitochondrial respiration rate of 0.75 lmol m À2 s À1 for the same environmental conditions according to Eqs 5-7. The large open circles in (b) indicate the transition point between the Rubisco-limited rate of carboxylation (W c ) and the electron transport-(ribulose-1,5bisphosphate regeneration) limited rate of carboxylation (W j ). 100 lmol m À2 s À1 ), J max (200 lmol m À2 s À1 ), and R d (0.75 lmol m À2 s À1 ) (Eqs 5-7) and simulated response curves using these biochemical parameters estimated from A/C i curves and assuming that g m ¼N (open circles) for three different leaves with varying values of mesophyll diffusion conductance. The A/C i curve fitting was conducted by two contrasting methods. According to the conventional fitting technique, V cmax and R d were derived from the initial 'linear' part of the A/C i response curve, and J max from the saturating part (open triangles). According to the V cmax , J max , and R d that provided the best correspondence between measurements and predictions were derived. For the A/C C approach, g m was additionally fitted. For all these model parameters, estimates realistic to Q. ilex leaves exposed to high light were obtained (for Q. ilex model parameters and g m values).
Results and Discussion
Influence of finite g m on A/C i response curves Finite diffusion conductance, g m , significantly alters the shape of an A/C i response curve (Fig. 1a ; Ethier and Livingston, 2004) . This has major effects on the initial slope of an A/C i response curve and R d , with smaller effects on the saturating part of the curve that is limited by J max (Fig. 1) . Thus, the major consequence of having a finite g m is that V cmax calculated from an A/C i response curve is always lower than that calculated from an A/C C response curve ( Fig. 1a ). For instance, in young fully mature leaves of Olea europaea with relatively high g m of 0.2 mol m À2 s À1 , V cmax calculated on a C C basis is 25% higher than V cmax calculated on a C i basis, while the differences in J max are small ( Fig. 1b ).
For larger values of g m , direct fitting of A/C i response curves derived from A/C C response curves according to Eq. 4 resulted in good fits between the predicted and 'true' (A/C i response with g m ) values ( Fig. 2a ). The obtained estimates were similar using the conventional technique of separately determining V cmax and R d from the linear part of the curve, and J max from the saturating part, and using a technique that simultaneously estimated all three parameters ( Fig. 2a ). Nevertheless, V cmax was underestimated by ;30% for both fitting procedures, and this was reflected in 5-10% lower than predicted 'true' net assimilation at currently relevant C i values between 200 lmol mol À1 and 300 lmol mol À1 (Fig. 2a inset) . A/C i estimation methods yielded larger discrepancies with decreasing g m (Fig. 2b, c) . In particular, the conventional fitting procedure underestimated V cmax up to 3-fold in leaves with low g m . As the result of this strong underestimation, entire A/C i response curves simulated by such low V cmax estimates were apparently limited by Rubisco activity. Estimation of all parameters by simultaneous fits underestimated V cmax by as much as 1.6-fold (versus 3-fold for separate fits) (Fig. 2b, c) . Therefore, V cmax may be largely underestimated using the conventional fitting of the Farquhar et al. model whenever g m is small (Flexas et al., 2008) .
Simultaneous fitting of all three model parameters overestimated R d up to 3-fold. For conventional fitting, the R d values obtained were variable and were overestimated for moderate g m (Fig. 2b ) and underestimated for low g m (Fig.  2c ). In the latter simulation, the derived characteristics depended somewhat on the set of data points included in the fitting. For instance, determining V cmax and R d from the part of the A/C i curve between 10 lmol mol À1 and 250 lmol mol À1 (values that are common in fitting A/C i response curves) yielded the parameters shown in Fig. 2c , while fitting over the range 10-500 lmol mol À1 yielded a larger V cmax value of 19.5 lmol m À2 s À1 and a larger R d value of 0.5 lmol m À2 s À1 .
In contrast to V cmax and R d , J max values were relatively insensitive to fitting procedures, with moderate, generally <10%, under-or overestimation (Fig. 2) . This small effect of fitting procedures on J max is not surprising as this characteristic is determined by A+R d at high C i (Eq 2).
These simulations collectively indicate that widely varying values of V cmax and R d , and less variable values of J max can be obtained using A/C i curve fitting for leaves with different g m values. In particular, the conventional fitting procedure of deriving V cmax and J max separately from different parts of the same A/C i curve results in large underestimations in V cmax and in variable R d values. Derivation of V cmax and R d values of more robust leaves with lower g m values (Niinemets et al., 2009a ) is expected to be especially strongly affected.
These simulations were conducted using a constant g m value for the entire A/C C response curves, but recent data show that g m may depend on the CO 2 concentration (Flexas et al., 2007) . The response of g m to the CO 2 concentration reported in that study was a curve with a maximum at CO 2 substomatal concentrations between 100 lmol mol À1 and 300 lmol mol À1 , thus it is probable that the CO 2 effect on g m will amplify the differences in A/C i versus A/C C curve parameters for the currently highly relevant CO 2 range.
Influence of g m on the J max /V cmax ratio
The J max /V cmax ratio is a key characteristic indicating allocation of photosynthetic proteins between light and dark reactions of photosynthesis, and as such is widely reported and analysed in studies investigating the partitioning of photosynthetic resources (Dreyer et al., 2001; Leuning, 2002; Misson et al., 2006) . J max /V cmax also determines the sensitivity of photosynthesis to light and temperature, i.e. the transition point at which one limitation goes over to the other (Hikosaka, 1997; Hikosaka et al., 1999) . Actual data and the simulation analysis (Figs 1b, 2) demonstrate that the apparent J max /V cmax ratio derived from A/C i curves may be as large as 6.7. This is very high relative to the true A/C C curve estimate of 2.0 (see Fig. 2c for conventional fitting). For this high estimate of the J max /V cmax ratio derived from A/C i responses, photosynthesis is expected to become limited by Rubisco (light-saturated) at a quantum flux density of 160 lmol m À2 s À1 , whereas with the original estimate from A/C C curves, photosynthesis becomes light-saturated at Q > 1000 lmol m À2 s À1 . Clearly, underestimation of Rubisco activity relative to electron transport results in biased estimates of photosynthetic sensitivity to light. This evidence emphasizes the fact that V cmax and J max are simplified mathematical descriptions of an A/C i or A/C C response. Although V cmax and J max are widely used as synonymous second method, J max , V cmax , and R d were fitted simultaneously (filled triangles). The simulations were conducted for 25°C and saturating light. with Rubisco activity and RuBP regeneration, the meaning of these characteristics and usefulness in predicting the degree to which photosynthesis is limited either by light or by CO 2 strongly depends on the way these parameters are derived. In fact, most of the J max /V cmax ratios estimated from A/C i response curves are overestimated, being commonly between 2.5 and 4, but awkwardly high values up to 10 have been reported (Wullschleger, 1993) .
It is further important to note that interpretation of the J max /V cmax ratio and how it relates to photosynthesis strongly depends on g m , irrespective of whether the parameters are C i or C C based. The sensitivity of photosynthesis to the J max /V cmax ratio is smaller in leaves with lower g m values (Fig. 3) . This is because with decreasing g m , photosynthesis is generally more strongly limited by Rubisco than by electron transport due to lower CO 2 concentrations in the chloroplasts. Thus, in leaves with low g m , the rate of photosynthesis can be increased more by preferential investments of N in Rubisco than in electron transport. In fact, in strongly sclerophyllous leaves with low g m , large investments of nitrogen in Rubisco, even up to 50%, have been observed Adams, 2004, 2005) .
Effects of different parameterization methods for daily photosynthesis in the field
The implications of different parameterizations on simulations of daily photosynthesis were analysed (Fig. 4) using standard time-courses of light and temperature (inset in Fig.  4c ) for a non-stressed (C i fixed at a constant value of 270 lmol mol À1 throughout the day) and stressed scenario (C i varied according to a sine function with minimum at mid-day, inset in Fig. 4f ). For both non-stressed and stressed scenarios, a simulation for a hypothetical situation, with g m ¼N, resulted in higher daily photosynthesis than any other parameterization. For a high g m of 0.15 mol m À2 s À1 , reduction of daily photosynthesis due to g m was ;10% for the non-stressed (Fig. 4a, comparison with A/C C simulation with actual g m ) and ;25% for the stressed scenario (Fig. 4d, Table 1 ). Comparison of different parameterizations showed that for a high g m of 0.15 mol m À2 s À1 , simulations based on A/C C parameterizations yielded 6-8% lower daily photosynthesis than the two A/C i parameterizations (Fig. 4a, d , Table 1 ). This reflected the drop of CO 2 concentration from C i to C C for A/C C parameterizations, and a lower J max /V cmax ratio of A/C C parameterizations, implying that photosynthesis saturated at higher light (Fig. 4a) .
In contrast, for lower g m , A/C i parameterizations led to significantly lower estimates of daily assimilation than A/C C parameterizations-due to underestimation of V cmax in A/C i parameterizations (Fig. 4b, c , e, f, Table 1 ). The differences were especially large for the stressed scenario and for the A/C i parameterization in which V cmax , J max , and R d were fitted simultaneously (Fig. 4e, f) . In particular, at mid-day, A was seriously depressed for this parameterization, even becoming negative for the parameterization derived from the A/C i curves with the lowest g m (Fig. 4f ). The very low mid-day assimilation for this parameterization reflected overestimated R d (Fig. 2b, c) and, to a lesser extent, underestimated V cmax . At higher temperatures at mid-day, the CO 2 compensation point, C*, and the effective Michaelis-Menten constant for CO 2 , K m , also strongly increase, and this is expected to reduce the net assimilation rate further (Eq. 1). For instance, in the current simulations, leaf temperature was predicted to increase from 15°C to 31°C, and this results in changes of C* from 30.2 lmol mol À1 to 57.0 lmol mol À1 and of K m from 144.5 lmol mol À1 to 757.4 lmol mol À1 . Although V cmax also increases with increasing temperature, V cmax still remains too low in the A/C i parameterizations to compensate for the reductions in Rubisco-limited photosynthesis due to temperaturedependent increases in K m and C*.
It has been suggested previously that simultaneous fitting of A/C i response curve parameters is superior to the conventional fitting procedure which is based on division of the A/C i curves into regions limited by V cmax and J max (Dubois et al., 2007) . While this simultaneous fitting approach underestimated less V cmax values than the conventional fitting, it led to overestimation of R d (Fig. 2) . Daily simulations further suggested that simultaneous fitting yielded a parameterization that provided a better correspondence of daily photosynthesis with A/C C parameterization under non-stressed conditions (Table 1) . However, the correspondence was worse due to overestimated R d under stressed conditions (Table 1) . Thus, none of the two A/C i Fig. 3 . Simulated sensitivity of the net assimilation rate to the J max /V cmax ratio in relation to J max /V cmax in leaves with varying values of g m (mol m À2 s À1 ). In this simulation, the ambient CO 2 concentration (C a ) was set to 385 lmol mol À1 , stomatal conductance to CO 2 (g s ) to 0.2 mol m À2 s À1 , leaf temperature to 25°C, V cmax to 50 lmol m À2 s À1 , and J max was varied from 5 lmol mol À2 s À1 to 175 lmol m À2 s À1 . Net assimilation rate was calculated according to a completely iterative procedure: A¼f(C C , V cmax , J max , R d ), C C ¼f(C i , A), and C i ¼f(C C , g s , C a ). The simulations were conducted using the MS Excel 2002 successive substitution iterative procedure (calculations in iterative mode). parameterization methods can be recommended as a universal solution to capture the modification in the A/C i curve shape due to finite g m .
Inclusion of temperature dependence of g m affected daily integrated assimilation rates by 2-6% under non-stressed conditions, and only by 0.5-2% under stressed conditions (Table 1) . This seems to suggest that the temperature dependence of g m has minor effects on integrated assimilation rates, especially under stress. Nevertheless, a Q 10 value for g m of 2 was used, and clearly, for higher Q 10 values (see Warren and Dreyer, 2006 for review of case studies), temperature effects on g m would be quantitatively more important.
A/C C and A/C i simulations of daily assimilation were further compared with measured assimilation rates in the evergreen sclerophyll Q. ilex in Mediterranean drought conditions (Fig. 5) . These simulations show that the best A/ C i parameterization underestimates photosynthesis at midday (Fig. 5c ), while A/C C parameterization correctly simulates the entire time course of photosynthesis, resulting in much better overall correspondence between simulations and measurements for the A/C C approach (cf. Fig. 5e, f) . In Fig. 4 . Simulated diurnal variations in net assimilation for a non-stressed scenario (intercellular CO 2 concentration set to 270 lmol mol À1 , a-c) and for a stressed scenario [C i varied as shown in the inset of (f) to describe mid-day stomatal closure in drought-stressed plant, d-f] for three representative values of g m and for three sets of model parameters of Farquhar et al. (1980) and for given values of leaf temperature (dashed line in the inset of c) and quantum flux density (solid line in the inset of c). The three sets of model parameters are those derived in Fig. 2 . The first set of parameters (open circles) corresponds to V cmax , J max , and R d values of the A/C C approach. The two other parameter sets are based on refitting of A/C i curves taking C i ¼C C and without considering the modification of the shape of the response curve due to finite g m according to the conventional technique, i.e. fitting the initial linear part and saturating part separately (open triangles), and fitting all three parameters simultaneously (filled triangles). In (a) and (d), the simulation for infinite g m is also shown (filled circles). The values of daily integrated net assimilation rate (A int ) are provided in all cases in Table 1 , except for the A/C C simulation for the hypothetical situation of g m ¼N. For this scenario, A int ¼0.421 mol m À2 d À1 for (a) and A int ¼0.281 mol m À2 d À1 for (d). Table 1 . Simulated daily integrated net assimilation rates (A int , mol m À2 d À1 ) using parameterization of the photosynthesis model of Farquhar et al. (1980) on the basis of A/C C response curves with either temperature-dependent mesophyll diffusion conductance (g m ) or assuming a constant g m during the entire day, and on the basis of A/C i responses for the model parameterization and either determining V cmax and R d from the initial part of the curve and J max from the saturating part (conventional fitting) or fitting all three characteristics simultaneously
The simulationsly conducted scenarios for non-stressed and stressed situations are shown in Fig. 4 .
Parameterization g m ¼0.15 mol m À2 s À1 g m ¼0.07 mol m À2 s À1 g m ¼0.03 mol m À2 s À1 fact, difficulties in simulating mid-day depression in photosynthesis are well known (Tenhunen et al., 1987a; Harley and Tenhunen, 1991; Misson et al., 2004) . The mid-day depression in Fig. 5c could be correctly parameterized by increasing the V cmax value. However, because A/C i parameterization underestimates V cmax relative to J max , correct parameterization of photosynthesis at mid-day would result in significant overestimation of photosynthesis during the rest of the day, as has been observed previously (Tenhunen et al., 1987a; Harley and Tenhunen, 1991) . This simulation demonstrates qualitative differences in model outcomes between A/C i and A/C C parameterizations. Under Mediterranean drought conditions, leaf temperatures can reach 40-50°C (Valladares and Niinemets, 2007) , stomata are relatively closed, and mitochondrial respiration is high. The A/C i parameterizations predict negative photosynthesis due to underestimated V cmax and overestimated R d . However, this is probably incorrect given that even under such highly stressful conditions, negative carbon balance has rarely (if ever) been observed (Beyschlag et al., 1986 Harley et al., 1987; Tenhunen et al., 1987b) . Although A/C i parameterizations may give reasonable fits to experimental A/C i data (e.g. good r 2 ), they may result in fundamentally flawed conclusions with respect to environmental effects in the field.
There are serious implications for the present finding that A/C i parameterizations lead to comparatively poor simulations of photosynthesis in the field. It has been argued that even though A/C i parameterizations are logically biased since they ignore g m , they remain useful for simulating photosynthesis. The present modelling study clearly shows that this pragmatic view is flawed insofar as A/C i parameterizations are never as good as A/C C parameterizations in simulating daily photosynthesis. Currently, there is an increasing trend for measuring response curves of photosynthesis to environmental drivers, deriving V cmax and J max values from these curves, and considering these curves as a 'final truth' for uncritical simulation of photosynthesis (d, f) . The measurements were conducted in Castelporziano, Italy in August 1994 when the plants suffered from severe drought (Bertin et al., 1997; Seufert et al., 1997; Niinemets et al., 2002a) . Best-fit values of biochemical model parameters used in these simulations (at 25°C) were: R d ¼0.8 lmol m À2 s À1 , V cmax ¼41.1 lmol m À2 s À1 , and J max ¼102.7 lmol m À2 s À1 for the A/C i approach (c-e), and g m ¼0.08 mol m À2 s À1 , R d ¼0.8 lmol m À2 s À1 , V cmax ¼113.8 lmol m À2 s À1 , and J max ¼207.4 lmol m À2 s À1 for the A/C C approach. These values were scaled to different temperatures using the shapes of V cmax versus temperature from Niinemets and Tenhunen (1997) and R d and J max versus temperature from Niinemets et al. (2002b) .
under field conditions. As this study demonstrates, this is often an illusion. Photosynthesis model parameterizations must explicitly consider finite g m and need verification with field measurements of diurnal time courses of photosynthesis.
More generally, the scientific community needs to rethink the logic of using A/C i parameterizations of the model of Farquhar et al. (1980) for simulating and interpreting photosynthesis at leaf, canopy, landscape, and biome scales. The chief rationale for measuring A/C i response curves and using these for modelling of photosynthesis in the field is that the 'biochemical' information (i.e. V cmax and J max ) has serious explanatory power. However, if based on A/C i parameterizations, this explanatory power and biochemical information is a mirage for several reasons.
(i) A/C i parameterizations lead to large underestimates of the true V cmax and smaller underestimates of J max (Flexas et al., 2008; Warren, 2008b; this study) . This means that interpretation of C i -derived V cmax and J max values is problematic since they contain information pertaining to g m . In other words, they are no longer the pure biochemical parameters on which the model of Farquhar et al. is founded.
(ii) A/C i parameterizations are frequently used to determine the limitations of photosynthesis, but their interpretation is affected by finite g m . For example, g m alters the sensitivity of photosynthesis to fluctuations in ambient CO 2 concentration (Fig. 1 ) and the share of photosynthetic limitations between dark and light reactions of photosynthesis.
(iii) V cmax and J max are affected not only by the choice of C i versus C C as substrate concentration, but also by the choice of curve-fitting method. Fitting V cmax and J max simultaneously or separately can lead to wildly different parameter estimates (Fig. 2) , which can subsequently affect simulations of daily photosynthesis (Fig. 4) . More importantly, this study supports the view that V cmax and J max are not biochemical constants that can be shared among studies, but are mathematical parameters that are highly sensitive to the method of curve fitting.
Inclusion of g m in models of photosynthesis
The present model simulations clearly show that g m ought to be included in models of photosynthesis, but how to do it?
The key problem for modelling is that there seems to be no simple and accurate means of predicting g m without measuring it. This is because g m varies greatly among and within given species (Ethier and Livingston, 2004; Flexas et al., 2008; Warren, 2008b; Niinemets et al., 2009a) . As maximal values of g m are inherently constrained by leaf structure, e.g. mesophytic leaves with higher versus sclerophytic leaves with lower g m (Terashima et al., 2006; Flexas et al., 2008; Warren, 2008b; Evans et al., 2009; Niinemets et al., 2009a) , linking of g m to leaf structure can provide a means to include g m in photosynthesis models, in particular for large-scale models that only capture the key functional characteristics of chief plant functional types Hickler et al., 2008) . However, g m is affected by many of the environmental variables that drive models of canopy photosynthesis (e.g. temperature, drought, etc.; Warren, 2008b) , and there is currently not enough physiological information for reliable parameterization of these dependencies. On the other hand, some of the environmental effects may be small or moderate relative to the overall effect of g m on canopy photosynthesis. For instance, the effect of temperature on g m appeared relatively small according to the present simulations (Table  1) . Also, drought-dependent reductions commonly occur together with reductions in stomatal conductance (g s ) Loreto et al., 2003; Flexas et al., 2008) . As for the two conductances in series, the overall conductance will be dominated by the smaller component; the overall effect of drought-dependent reductions in g m on daily photosynthesis is less pronounced.
There have not been many attempts to include g m in photosynthesis models. Apart from complex numerical diffusion models (e.g. Cooke and Rand, 1980) , Williams et al. (1996) were one of the first who embedded g m into the photosynthesis model of Farquhar et al. (1980) to simulate photosynthesis of a mixed deciduous broad-leaved forest. In their simulations, a fixed value of g m was used in all calculations (Williams et al., 1996) . More recently, Ohsumi et al. (2007) used two different approaches, one correlating g m with leaf nitrogen content (basically scaling with leaf photosynthetic capacity), and the second correlating g m with g s . Cai et al. (2008) also used the correlation with g s to include g m in the model as well. Linking g m to g s can be promising, in particular as this approach significantly simplifies the calculation burden in simulation analyses; for entirely independent g m and g s values, several iterative loops are needed to simulate assimilation rates: A¼f(C C , V cmax , J max , R d ), C C ¼f(C i , A), and C i ¼f(C C , g s , C a ). However, as with g m versus nitrogen and g m versus photosynthetic capacity (Niinemets et al., 2009a) , the relationships between g m and g s are variable (Flexas et al., 2008) , in agreement with various CO 2 drawdowns due to g m (C i -C C ) across species and environmental conditions (Niinemets and Sack, 2006; Warren and Adams, 2006) . While new information of the determinants of g m is constantly accumulating, there is currently no justification for varying g m in proportion to g s . Nevertheless, for the time being, photosynthesis models should at least intend to describe correctly the mesophyll diffusion conductance relative to photosynthetic capacity (A/ g m ), e.g. because of the limits set by leaf structure or aquaporin conductance (Evans et al., 2009 ). Including such effects on the shape of A/C i response curves will already result in significant improvements of canopy photosynthesis in the field (Fig. 5c versus d ).
Conclusions
The present analysis adds to a growing body of literature highlighting the importance of g m as a limitation of photosynthesis. The scientific community has assumed that V cmax and J max derived from A/C i responses are synonymous with Rubisco activity and RuBP regeneration. While C i -based V cmax and J max include some information on g m , these estimates are strongly affected by the choice of curvefitting method, and their usefulness in predicting photosynthesis under stressful conditions in the field decreases with increasing the degree to which g m limits photosynthesis. Overall, the parameterizations of the model of Farquhar et al (1980) including g m (A/C C parameterizations) provide a more realistic description of daily photosynthesis relative to A/C i parameterizations, in particular for stressed leaves sustaining mid-day stomatal closure.
As stated in the Introduction, the beauty of the model of Farquhar et al. is a combination of its predictive power and ease of parameterization; yet the results of this study suggest that there is instead a trade-off between predictive power and ease of parameterization. A/C i parameterizations have minimal (biochemical) predictive power, but are very easy to parameterize. In contrast, A/C C parameterizations have larger predictive power, but are more difficult to parameterize. Nevertheless, there may be no alternative to inclusion of g m for correct simulation of photosynthesis in field stressful environments.
